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Executive Summary

A permeable reactive barrier (PRB) is an engineered zone of chemically reactive material placed
in the flow path of contaminated ground water to stabilize or degrade contaminants as ground
water moves through the zone. The most common reactive material employed in PRBsis zero-
valent iron (ZV1). PRBs are rapidly becoming widely used means to remediate ground water.

Unfortunately, reactions of ZVI with contaminants, dissolved oxygen, and water molecul es result
in anincreasein pH values that cause carbonate minerals to precipitate in the ZVI. Alkalinity
decreases of as many as several hundred milligrams per liter (as calcium carbonate) from influent
to effluent indicate that large volumes of carbonate minerals have precipitated in the PRBs. In
addition to carbonate precipitation, oxidation causes the precipitation of iron oxide minerals. The
buildup of carbonate and oxide minerals within the reactive zone could disrupt the performance
of the PRB by causing (1) preferential pathways within the reactive zone, (2) ground water
mounding and bypassing the PRB, and (3) areduction in the reactivity of the media because of
mineral deposition on the ZV1 surfaces.

The U.S. Environmental Protection Agency funded this project to investigate chemical methods
of rgjuvenating ZV I-based PRBs. The work was conducted by Environmental Sciences
Laboratory personnel at the U.S. Department of Energy office in Grand Junction, Colorado.

A portion of thiswork was reported previously in The Final Report: Phase I, Performance
Evaluation of Permeable Reactive Barriers and Potential for Rejuvenation by Chemical

Flushing (DOE 2004). For compl eteness, the results of the PRB rejuvenation project are reported
here in their entirety.

Bench-scal e tests were conducted to evaluate the potential for rejuvenation of ZVI PRBs

using chemical solvent flushing. We tested various solvents, including free acid ammonium
oxalate, diethylenetriamine pentaacetic acid (DPTA), disodium EDTA,
ethylenediaminetetraacetic acid (EDTA), hydroxylamine hydrochloride, sodium citrate, sodium
dithionite, and tetrasodium EDTA, and the commercial products Lime Away, and Lime Out
(designed to remove calcium and iron scale deposits). Some tests were conducted with
combinations of these solvents and sometimes included bicarbonate or carbonate as a pH buffer.
Rejuvenation agents are considered more favorable if they dissolved more calcite (aZVI
corrosion product that occludes porosity), less ZV1, and have low toxicity. The ability to dissolve
amorphous ferric oxyhydroxide, hematite and magnetite was also considered favorable. Most of
the individual solvents and combinations of solvents were able to dissolve some calcite, but they
also dissolved some ZVI.

Of the solventstested in batch mode, disodium EDTA and tetrasodium EDTA were considered
to be the most suitable and were selected for preliminary column tests. The column test results
indicate that EDTA was able to remove al the calcite deposited during ZV I corrosion and some
of the calciteinitially present in the column fill material. While some iron was also dissolved by
EDTA, the change in the iron inventory was insignificant.

A portion of ZV1 from the Monticello, Utah, PRB was treated with disodium EDTA to determine
if the treatment would improve the ability of the ZV1 to remove uranium. Unfortunately, the
results were inconclusive because the ZV1 in both the treated and untreated columns removed
uranium at afast rate. Longevity calculations made by Morrison (2003) assumed that the ZV1

U.S. Department of Energy Rejuvenating Permeable Reactive Barriers by Chemical Flushing
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would lose reactivity at a much higher rate than indicated by the column results. The data on the
untreated column presented in this report suggest that the PRB continues to remove uranium at a
high rate, implying that the previous calculations of longevity should be revisited.

This project was funded through an Interagency Agreement with the Environmental Protection
Agency. DOE would like to thank Charles Sands and Robin M. Anderson from the Office of
Emergency Response and Remediation, Response Decision Team for their support in this
project. DOE would also like to acknowledge the efforts of Paul Mushovic, Richard Muza, and
Jay Silvernale from the Office of Ecosystems Protection and Remediation, Region V111, for their
technical support and review of this document.
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1.0 Introduction

A permeable reactive barrier (PRB) is a zone of chemically reactive material placed in the flow
path of contaminated ground water to stabilize or degrade contaminants as ground water moves
through the zone. The most common reactive material employed in PRBsis zero-valent iron
(2V1). PRBs are rapidly becoming awidely used means of remediating ground water. ZV1 can
treat both organic and inorganic contaminants including uranium.

Unfortunately, reactions of ZVI with contaminants, dissolved oxygen, and water molecul es result
in anincreasein pH values that cause carbonate mineralsto precipitate within the ZV1.
Alkalinity decreases of as many as severa hundred milligrams per liter (mg/L) (as calcium
carbonate) from influent to effluent indicate that large volumes of carbonate minerals have
precipitated in the PRBs. In addition to carbonate precipitation, oxidation causes the precipitation
of iron oxide minerals. The buildup of carbonate and oxide minerals within the reactive zone
could disrupt the performance of the PRB by causing (1) preferential pathways within the
reactive zone, (2) ground water mounding and bypassing the PRB, and (3) areduction in the
reactivity of the media because of mineral deposition on the ZV1 surfaces.

The U.S. Environmental Protection Agency (EPA) funded this project to investigate chemical
methods of rgjuvenating ZV1-based PRBs. The work was conducted by Environmental Sciences
Laboratory (ESL) personnel at the U.S. Department of Energy (DOE) office in Grand Junction,
Colorado. A portion of thiswork was reported previously in The Final Report: Phase |,
Performance Evaluation of Permeable Reactive Barriers and Potential for Rejuvenation by
Chemical Flushing (DOE 2004). For completeness, the results of the PRB rejuvenation project is
reported herein its entirety. Appendix A contains copies of the ESL notes.

Ground water chemistry data for samples from the PRB at Monticello, Utah, show that reactivity
has decreased and that carbonate minerals and iron oxide corrosion products have precipitated in
the ZVI matrix (Morrison 2003). Other PRB sites have experienced similar decreasesin
reactivity and precipitation of corrosion products (e.g., Wilkin and Puls 2003). Data presented by
DOE (2004) indicate that some reactive ZV1 is still present in zones that have lost reactivity. If
the corrosion products could be removed while leaving ZV1 intact, the reactivity of the PRB may
be improved. In the present study, preliminary laboratory tests were conducted to evaluate the
efficiency of severa solventsfor reuvenating ZVI-based PRBs. Batch tests using standard
specimens of ZV 1 and corrosion products were performed to determine the amount of mineral
dissolution after a specific time period. Subsequently, two solvents were used in column tests to
determine regjuvenation efficiency under flow conditions.

1.1 Background on Permeable Reactive BarriersUsed To Treat Ground
Water for Uranium

More than 150 million tons of uranium mill tailings have been removed from 22 former uranium
ore-processing sites in the United States. Remediation of ground water at these sites is mandated
by Congress and was formerly conducted by the DOE Uranium Mill Tailings Remedial Action
(UMTRA) Ground Water Project (NRC 1980) and now is being performed by the DOE Office of
Legacy Management. EPA promulgated a ground water concentration limit of 30 picocuries per
liter (pCi/L) (approximately 44 micrograms per liter [ug/L]) for uranium (U) to ensure protection
of human health and the environment near these sites (EPA 1995); this U concentration is also

U.S. Department of Energy Rejuvenating Permeable Reactive Barriers by Chemical Flushing
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being used as a ground water cleanup goal at a former uranium-ore processing site near
Monticello, Utah. At many of these former ore processing sites, U has entered the ground water
system and has contaminated more than 10 billion gallons of ground water (DOE 1996).
Uranium ore processing outside the United States, particularly in Australia, Canada, South
Africa, and Europe, has aso resulted in significant ground water with U contamination. In
addition to tailings sites, U has been reported in ground water at 12 of 18 major DOE facilities
because of contamination from the weapons production cycle (Riley et al. 1992).

Cost-effective means of cleaning up ground water contaminated by U are needed. Ground water
at some of the tailings sites is being extracted and treated ex situ, but costs for ex situ treatment
are high and no site has yet been remediated to EPA’ s prescribed standards. PRBs to treat ground
water contaminated by U are currently being tested at four sites (Monticello, Utah; Fry Canyon,
Utah; Durango, Colorado; and Oak Ridge National Laboratory Y -12 Plant, Tennessee) as alow-
cost alternative to pumping and treating ground water.

ZV1, ascrap-metal product that is available from the automotive industry, isbeing used as a
reactive material in the PRBs at these four sites. Contact with ZV| causes U concentrationsin
ground water to decrease to afew micrograms per liter. Results of numerous laboratory
experiments have confirmed the ability of ZVI to remove U from ground water. Because of the
promising results of laboratory and field studies, project managers are expressing increasing
interest inusing ZV1 to treat U contamination in ground water. Research is still needed, however,
to understand the mechanisms of U uptake to support optimal designs for remediation systems
and to make accurate predictions of the length of time that PRBs will remain effective.

1.2 Background on Monticello Permeable Reactive Barrier

This project is directly applicable to the Monticello, Utah, Mill Tailings National Priorities List
site. Aninsitu PRB was installed hydraulically downgradient of the Monticello sitein 1999; it is
afunnel-and-gate system with athree-zone PRB (Morrison et a. 2002). The furthest upgradient
zone (the pretreatment zone) has 13-percent ZV1 by volume mixed with pea gravel.
Downgradient from the pretreatment zone is a zone of 100-percent ZV 1, followed by the third
zone that contains 100-percent gravel and an air sparging unit (Figure 1).

Rejuvenating Permeable Reactive Barriers by Chemical Flushing U.S. Department of Energy
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2.0 Batch Test Results

Bench-scal e tests were conducted to evaluate the potential for reuvenation of ZVI PRBs

using chemical solvent flushing. We tested various solvents, including free acid ammonium
oxalate, diethylenetriamine pentaacetic acid (DPTA), disodium EDTA,
ethylenediaminetetraacetic acid (EDTA), hydroxylamine hydrochloride, sodium citrate, sodium
dithionite, and tetrasodium EDTA, and the commercial products Lime Away, and Lime Out
(designed to remove calcium and iron scale deposits). Some tests were conducted with
combinations of these solvents and sometimes included bicarbonate or carbonate as a pH buffer.
Rejuvenation agents are considered more favorable if they dissolved more calcite (aZV|1
corrosion product that occludes porosity), less ZVI, and have low toxicity. The ability to dissolve
amorphous ferric oxyhydroxide, hematite and magnetite was also considered favorable. Most of
theindividual solvents and combinations of solvents were able to dissolve some calcite, but they
also dissolved some ZV 1.

Batch tests were conducted by combining a solid material (Table 1) with a solvent, agitating for
aperiod of time, filtering, and then analyzing the filtrate for calcium (Ca) and iron (Fe). The
amount of Caor Fe removed was used as an indication of the amount of solid material that
dissolved. Except where indicated otherwise, standard batch tests were conducted by combining
40 milliliters (mL) of the solvent with 0.5 gram (g) of a standard specimen of either powdered
amorphous ferric oxyhydroxide (AFO), calcite, hematite, magnetite, or granular ZV1. Agitation
was conducted in 50-mL glass Erlenmeyer flasks using an orbital motion in atemperature-
controlled bath (Precision Model 25) at 25 °C. The mixtures were centrifuged, and the
supernatant solution were analyzed for Ca and Fe by flame atomic absorption spectroscopy
(DOE 2003; ESL Procedures AP[Ca-1] and AP[Fe-1]).

2.1.1 Sodium Acetate Buffer

Sodium acetate (NaOA ) adjusted to apH value of 5 using glacial acetic acid (NaOAc buffer) is
often used to remove calcite from clay samplesin preparation for hydrometer tests

(Jackson 1979). The NaOAc buffer is used because it can remove calcite without affecting the
clay mineral composition.

NaOAc buffer (50 mL) was combined with 50 milligrams (mg) of powdered calcite in a50-mL
plastic centrifuge tube. Three additional tubes contained 2 grams (g) of the fresh (this report uses
the term ‘fresh’ to indicate material that has not been used in a PRB) gravel/ZV1 mixture used in
the gravel/ZV1 zone in the Monticello PRB and 50 mL of NaOAc buffer. The tubes were
agitated end-over-end for various periods of time at room temperature. After agitation, they were
centrifuged, decanted, preserved with nitric acid, and analyzed for Caand Fe.

Gas was generated, and, consequently, an increase in pressure occurred during agitation in the
tests with gravel/ZV1; asmall amount of liquid waslost by leakage. The pressure increase was
probably due to generation of hydrogen (H,) gas from ZV1 corrosion. About 88 percent of the
calcite was dissolved, indicating that NaOA c was effective at removing calcite from the mixture
(Table 2). Calcium was also removed from the three gravel/ZV1 samples in approximately
equivalent amounts, suggesting that all the calcite in the samples was dissolved. As much as
301 mg of ZV1 was aso dissolved. For the sample that agitated for 39 hours, about 86 percent of
the ZV I was dissolved based on 13 percent by volume ZV1 in the gravel/ZV1; the density of the

U.S. Department of Energy Rejuvenating Permeable Reactive Barriers by Chemical Flushing
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ZV1 was 2.4 grams per milliliter (g/mL), and the density of the gravel was 1.7 g/mL. Because
NaOAc dissolves ZV1, it is not suitable as a chemical rejuvenation agent.

212 EDTA and DTPA

Ethylenediaminetetraacetic acid (EDTA) and diethylenetriamine pentaacetic acid (DTPA) are
industrial organic chelating agents used in cleansers, vegetable oils, and pharmaceuticals; they
are also used to decontaminate radioactive surfaces and to remove insoluble deposits of Ca. The
use of EDTA and DTPA in many consumabl e items suggests low toxicity. Free acid EDTA with
aformula C1oH160gN; (Fisher Scientific, BP118), tetrasodium EDTA with aformula of
(NaOCOCH,),NCH,CH,;N(CH,COONa); « H,O (Baker Chemicals 1693-7), disodium EDTA
with aformula of CioH14N2N&,Og « 2H,0 (Baker Chemicals, 4040-01), and DTPA with a
formula C14H23N3010 (Acros Organics) were tested in this study as potential ZVI PRB
rejuvenation agents. The 0.1 molar (M) solutions of EDTA, tetrasodium EDTA, disodium
EDTA, and DTPA have pH values of about 2.8, 10.8, 5.3, and 2.5, respectively. All chemicals
were reagent grade.

In one set of tests, 50 mL of 0.1 M tetrasodium EDTA was combined with 2 g of fresh
gravel/ZV1 samples and various amounts of concentrated hydrochloric acid (HCI) to adjust the
pH value (Table 3; tests 1 through 3). The mixtures were agitated end-over-end for 9 hours,
centrifuged, and decanted. Values of final pH ranged from 8.25 to 11.02. The amount of Ca
removed from the samples was similar at all three pH values and was more than the amounts
removed by NaOAc (Table 2). The amount of Fe removed from the gravel/ZV1 mixtures
increased significantly as pH decreased (Table 3; tests 1 through 3).

Another set of tests evaluated the ability of 0.1 M tetrasodium EDTA to dissolve powdered
calcite, hematite, magnetite, and ZV | from standard specimens. The tetrasodium EDTA was
moderately effective at dissolving calcite, but it did not dissolve much of the Fe minerals (Table
3; tests 4 through 7). In another set of tests, the effect of the tetrasodium EDTA concentration on
dissolution of a mixture of calcite and ZVI was examined. Lowering the tetrasodium EDTA
concentration from 0.1 to 0.025 M caused a decrease in the dissolution of both calcite and ZV
(Table 3; tests 7 through 10). The combined results indicate that tetrasodium EDTA in asolution
with a high pH value may be beneficial for ZV1 PRB rguvenation because it can remove large
amounts of calcite while leaving most of the ZV1 intact.

Table 4 displays the results of the dissolution of standard test specimens by free acid EDTA. A
0.1 M solution of free acid EDTA was oversaturated, as indicated visually by the occurrence of
residual powder and by low electrical conductivity values of the solutions. Values of electrical
conductivity in the free acid EDTA solutions ranged from 227 to 662 microsiemens per
centimeter (uS/cm) (Table 4) compared to arange of 10,940 to 11,160 uS/cmina0.1 M solution
of disodium EDTA (Table 5). Thus, the free acid EDTA tests were conducted with a saturated
solution. The saturated solution of free acid EDTA did not remove much calcite and would not
be effective for PRB rejuvenation.

A 0.1 M solution of disodium EDTA was effective in removing at least 80 percent of the calcite
(Table 5). There was a small amount of solution loss, and it islikely that al the calcite was
actually dissolved. About 3 percent of the ZVI was dissolved by the disodium EDTA. The much
higher removal of calcite compared to ZV 1 suggests that disodium EDTA may be effectivein
rejuvenating PRBs. Unfortunately, only a small amount of the Fe oxides was dissolved.

Rejuvenating Permeable Reactive Barriers by Chemical Flushing U.S. Department of Energy
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Similar to freeacid EDTA, a0.1 M solution of DTPA could not be made because its solubility is
too low. A saturated solution of DTPA dissolved about 13 percent of the calcite and 3 percent of
the ZVI (Table 6). The results suggest that DTPA isless efficient than disodium EDTA and
tetrasodium EDTA for removing calcite.

2.1.3 Ammonium Oxalate

Ammonium oxalate [ (NH4)2C204 « H,0] solution buffered with oxalic acid to apH value of 3is
used to selectively remove amorphous, or poorly crystalline ferric oxides from soil samples
(Smith and Mitchell 1987). The extractant is prepared by mixing 0.2 M ammonium oxalate
solution with 0.2 M oxalic acid in the proportion 4:3 by volume.

Degspite the low pH value, the buffered ammonium oxalate extractant was ineffective at
removing calcite (Table 7). In the rguvenation tests with iron-based materials, it was most
effective in removing Fe from AFO and magnetite. In addition to its ineffectiveness at removing
calcite, ammonium oxalate is one of the most toxic of the compounds tested. Ammonium oxalate
isnot suitable for ZVI PRB rejuvenation.

2.1.4 Buffered Sodium Dithionite and Sodium Citrate

Sodium dithionite (N&;S,04, aso called sodium hydrosulfite) is commonly used with sodium
citrate and sodium bicarbonate to selectively remove crystalline ferric iron from soil samples
(Jackson 1979). This extractant is often referred to as citrate bicarbonate dithionite (CBD). Each
constituent of the CBD extractant has a purpose in helping to dissolve ferric minerals; the citrate
chelates Fe, dithionite chemically reduces ferric iron to ferrous iron, and bicarbonate buffers the
pH. Citrate, by itself, is often used to chelate metals and is also used in many consumable
products. Citrate and bicarbonate are nontoxic.

Injection of adissolved form of sodium dithionite has also been used for remediating chromium
contamination in ground water (Vermeul et a. 2002). Aswith CBD, sodium dithionite causes
reduction of ferric iron to ferrous iron. In the subsurface, sodium dithionite decomposes rapidly
to compounds with low toxicities.

Extraction of Fe and Cawas tested with mixtures containing sodium dithionite, sodium citrate,
and/or sodium bicarbonate using the previously described standard procedure. Sodium dithionite,
by itself, removed 6.8 mg Cafrom the cal cite sample (about 3 percent of the calcite) and 5.6 mg
of Fe from the ZVI sample (Table 8; tests 1 through 5). It removed as much as 17.4 mg of Fe
from AFO, 8.2 mg of Fe from magnetite, and 10.4 mg of Fe from hematite. Although the sodium
dithionite was able to preserve the ZV |1 reasonably well, it was unable to dissolve a significant
portion of calcite.

Sodium citrate, combined with sodium bicarbonate, extracted 10.0 mg of Cafrom the calcite
sample (about 5 percent of the calcite) and minimal Fe (Table 8; items 6 through 10). However,
the dissolution of iron-based materials was highest for ZVI. These results suggest that sodium
citrate may be useful in removing a small portion of calcite from a PRB but may dissolve some
ZV1 while leaving Fe corrosion products intact.

A solution of CBD (0.27 M sodium citrate, 0.11 M sodium bicarbonate, and 0.1 M sodium
dithionite), mixed in the same proportions as used in Jackson (1979), was tested for extraction of
calcite, Fe oxides, and ZVI (Table 8, items 11 through 15). CBD removed 8.4 mg of Cafrom the

U.S. Department of Energy Rejuvenating Permeable Reactive Barriers by Chemical Flushing
August 2004 Page 5



Batch Test Results Document Number BO005900

calcite sample (about 4 percent of the calcite). It also removed some of the ferric oxides, but the
ZV | was least affected. The results with CBD are similar to those with dithionite alone, but more
AFO was removed with CBD.

Results of some of the previous tests suggest that an increase in pH valuesin a CBD extractant
may have a positive effect on calcite dissolution. Therefore, an extractant using citrate,
carbonate, and dithionite (CCD) was designed that used carbonate (as potassium carbonate
[K2COq]) instead of bicarbonate to buffer pH. The pH value of CCD is9.70 compared to 6.98 for
CBD. Tests were conducted in the same manner as previous tests, and the results are presented in
Table 8 (items 16 through 20). Less calcite was dissolved using CCD than with CBD; no other
significant changes were apparent.

2.1.5 Sodium Dithionite and Tetrasodium EDTA

The CBD extractant previoudly discussed combines a chelating agent (citrate) with a chemical
reductant (dithionite). The effects of using tetrasodium EDTA instead of citrate as the chelating
agent were investigated. The same standard test procedure as described previously was used.

A solution containing low-strength 0.038 M tetrasodium EDTA and 0.025 M sodium dithionite
was used. For additional control, tests were conducted simultaneously using only tetrasodium
EDTA (Table9). By comparing the Ca and Fe removal with tetrasodium EDTA aone (Table 9,
tests 1 through 5) to tests with tetrasodium EDTA and dithionite (Table 9, tests 6 through 10), it
was determined that the presence of dithionite had little effect on mineral dissolution.

Some of the previous test results suggest that the pH values of extractants composed of EDTA
and dithionite may have an effect on the mineral dissolution capability. A titration of tetrasodium
EDTA with a sodium dithionite solution was conducted to determine a solution composition that
has a pH value greater than the 9.17 used in the previous tests. The selected high-strength
solution contains 0.16 M tetrasodium EDTA and 0.057 M sodium dithionite and has a pH value
of 9.69 (Table 10; tests 6 through 10). Tests were conducted with this high-strength mixturein
the same manner as described for the low-strength tetrasodium EDTA and sodium dithionite
solution.

Table 10 presents the results of the high-strength sodium dithionite and tetrasodium EDTA
solution tests and the tests with 0.1 M tetrasodium EDTA. The test solutions containing sodium
dithionite (Table 10; tests 6 through 10) dissolved essentially the same amounts of calcite as

0.1 M tetrasodium EDTA aone (Table 10; tests 1 through 5). Slightly more iron oxide minerals
were dissolved by the high-strength solution than by the low-strength solution (compare datain
Table 10 to datain Table 9). However, the results of the high-strength mixture do not represent a
significant improvement over the low-strength mixture.

2.1.6 Hydroxylamine Hydrochloride

Hydroxylamine hydrochloride (NH,OH . HCI) mixed with acetic acid (CHzCOOH) has been
used as an extractant to selectively remove iron and manganese oxides from soil samples
(Landa 1982). The solution used for the tests in this study was made by combining 1 M
hydroxylamine hydrochloride solution with 25 percent (by volume) concentrated glacial acetic
acid, the same as used by Landa (1982). The tests were conducted using the previously described
standard batch test method.

Rejuvenating Permeable Reactive Barriers by Chemical Flushing U.S. Department of Energy
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The pH value of the hydroxylamine hydrochloride solution is 1.48. The solution removed

224.8 mg of Cafrom the calcite sample, which is essentially total dissolution (Table 11).
Unfortunately, this extractant also dissolved 86.4 mg of Fe from the ZV1 sample (about

17 percent of the sample). The ferric oxides were relatively unaffected, bringing into question the
use of this extractant for selective removal of ferric oxides. Hydroxylamine hydrochloride is
more toxic than most of the other extractants tested.

217 LimeAway and Lime Out

Lime Away (Reckitt Benckiser, Inc., Parsippany, New Jersey) and Lime Out (Iron Out,

Ft. Wayne, Indiana) are commercial cleansers designed to remove calcium and iron scalein the
home. These products were used full strength as purchased at aretail hardware store. The
composition of these productsis unknown. The pH values of Lime Away and Lime Out are
1.34 and 1.12, respectively. The tests were conducted using the previously described standard
batch method.

Both products removed a significant amount of calcite (Table 12). The powdered cacite
effervesced when contacted by both Lime Away and Lime Out, indicating the outgassing of
carbon dioxide caused by the low pH. A small amount of material was spilled during the rapid
effervescence, and the Cavaluesin Table 12 are probably low; it appeared that all the calcite
dissolved. Lime Away was also able to dissolve a small amount of AFO. Both products
dissolved a small amount of ZV 1. Because of their ability to dissolve alarge quantity of calcite
while dissolving only a small amount of ZV |, these products may be suitable for PRB
rejuvenation.

2.1.8 Summary of Batch Rguvenation Tests

All results reported in this section were conducted suing the same test method. This method
consists of orbital agitation of a40-mL sample in a50-mL glass volumetric Erlenmeyer flask in
temperature controlled bath at 25 °C for 2 hours. Figure 1 presents a summary of the results of
these tests that had the same methodology. Extractants that remove large amounts of calcite and
small amounts of ZV1 are considered most favorable for rejuvenating a ZVI| PRB. Removal of
large amounts of AFO, hematite, and magnetite is also considered beneficial.

Hydroxylamine hydrochloride, disodium EDTA, DTPA, Lime Away, and Lime Out were the
most effective extractants tested for the removal of calcite. Unfortunately, these same extractants
also dissolved slightly more ZV1 than other extractants; hydroxylamine hydrochloride removed
the most ZV 1. Tetrasodium EDTA removed some calcite while leaving the ZV1 relatively intact.
Therefore, disodium EDTA and tetrasodium EDTA were selected for preliminary column tests.
Unfortunately, tetrasodium EDTA was relatively ineffective in removing ferric oxides. Disodium
EDTA was aso used in column tests to determine its ability to improve the reactivity of ZV1 for
uranium removal.

U.S. Department of Energy Rejuvenating Permeable Reactive Barriers by Chemical Flushing
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3.0 Column Test Results

Preliminary column tests were conducted to better evaluate the effectiveness of disodium EDTA
and tetrasodium EDTA as extractants to rejuvenate ZV1 PRBs.

3.1.1 Column Test 1, Caand Fe Removal by Tetrasodium EDTA

This test was designed to determine if tetrasodium EDTA could effectively remove Cafrom the
Monticello PRB gravel/ZVI mixture.

3.1.1.1 Methods

Thistest was conducted in a 2-inch (in.)-diameter clear acrylic column packed with afresh
gravel/ZV1 mixture (the same material that was emplaced in the gravel/ZV1 zone of the
Monticello PRB). The gravel/ZV1 isamixture of 2,500 pounds (Ib) of -4 +20 Peerless ZVI to

9 cubic yards (yd®) of 3/8-in. peagravel. Dry weight of the gravel/ZV1 in the column was
1,602.5 g. A peristaltic pump was used to flow influent solution from the bottom to the top of the
column.

Influent to the column was synthesized to be similar in major ion composition to the ground
water collected from well R1-M 3, located immediately hydraulically upgradient of the
Monticello PRB. Table 13 presents the compositions of the R1-M 3 ground water and the
synthesized column influent water. Influent solution was stored in a 20-liter (L) plastic carboy
feed tank that was constantly stirred with a magnetic stir bar. Gaseous carbon dioxide (COy)
flowing into the feed tank through a gas diffuser stone was used to control influent pH and
alkalinity values. Flow rates for CO, ranged from O to 20 milliliters per minute (mL/min).

A programmabl e fraction collector was used to collect samples for analysis. Calcium and Fe
concentrations were determined by atomic absorption on samples preserved with nitric acid.
Alkalinity was measured by titration with sulfuric acid. Inline probes measured pH and
oxidation-reduction potential (ORP) values, and data were fed to an automated data collection
system.

3.1.1.2 Results

Synthetic ground water flowed through the column at 0.7 mL/min for about 12 days. During that
time, the mean influent and effluent pH values were about 6.8 and 7.5, respectively (Figure 2).
The mean ORP values were about +180 and less than —400 millivolts (mV), respectively. The Ca
inventory in the column solids increased by about 1 g because of Ca-mineral precipitation
(Figure 3). The Cainventory was determined from the difference in influent and effluent Ca
concentrations. There was no significant change in the Fe inventory during the flow of EDTA-
free water (Figure 3).

U.S. Department of Energy Rejuvenating Permeable Reactive Barriers by Chemical Flushing
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After about 12 days (32 pore volumes), the influent was changed to 0.1 M tetrasodium EDTA
and the flow rate was increased to 10 mL/min for about 5 pore volumes before switching back to
synthetic ground water. During EDTA treatment, the pH value in the column effluent increased
to about 11.5, similar to the EDTA influent value of about 11 (Figure 3). Calcium and Fe
concentrations in the effluent EDTA solution increased to maximum values of 2,000 and

2,520 mg/L, respectively (Figure 2).

Although the concentration of Fe in the effluent increased substantially during EDTA injection,
the inventory of Fe decreased only slightly (Figure 3). In contrast, all the Ca precipitated from
the influent water and an additional 1.2 g (total of 2.2 g) was removed by the EDTA solution
(Figure 3). The additional Cawas present in calcium carbonate mineralsin the gravel. These
results are encouraging for the use of tetrasodium EDTA as arejuvenation agent.

3.1.2 Column Test 2, Caand Fe Removal by Disodium EDTA

Thistest was designed to determineif disodium EDTA could effectively remove Cafrom the
Monticello PRB gravel/ZVI mixture.

3.1.2.1 Methods

Column test 2 was conducted using the same apparatus and methods as column test 1 (see
previous section). The test was conducted in a 2-in.-diameter clear acrylic column packed with a
fresh gravel/ZV1 mixture (the same material that was used in the gravel/ZV1 zone of the
Monticello PRB). The gravel/ZV1 is amixture of 2,500 |b of —4 +20 Peerless ZV|1 to 9 yd® of
3/8-in. peagravel. Dry weight of the gravel/ZV1 in the column was 1,537.6 g. A peristaltic pump
was used to flow influent solution from the bottom to the top of the column.

Influent to the column was synthesized to be similar in major ion composition to the ground
water collected from well R1-M 3, located immediately hydraulically upgradient of the
Monticello PRB. Table 13 presents the compositions of the R1-M 3 ground water and the
synthesized column influent water. Influent solution was stored in a 20-L plastic carboy feed
tank that was constantly stirred with a magnetic stir bar. Gaseous CO; flowing into the feed tank
through a gas diffuser stone was used to control influent pH and alkalinity values. Flow rates for
CO, ranged from 0 to 20 mL/min.

A programmable fraction collector was used to collect samples for analysis. Calcium and Fe
concentrations were determined by atomic absorption on samples preserved with nitric acid.

Alkalinity was measured by titration with sulfuric acid. Inline probes measured pH and ORP
values, and data were fed to an automated data collection system.

3.1.2.2 Reaults

Synthetic ground water flowed through the column at 0.7 mL/min for about 7 days. During that
time, the mean influent and effluent pH values were about 6.7 and 7.2, respectively (Figure 4).
The mean ORP values were about +180 and less than —400 mV, respectively. The Cainventory
in the column solids increased by about 300 mg because of Ca-mineral precipitation (Figure 4).
The Cainventory was determined from the difference in influent and effluent Ca concentrations.
There was no significant change in the Fe inventory during the flow of EDTA-free water
(Figure 4).
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After about 7 days (19 pore volumes), the influent was changed to 0.1 M disodium EDTA, and
the flow rate was increased to 10 mL/min for about 5 pore volumes before switching back to
synthetic ground water. The pH value in the column effluent decreased to about 5.3, similar to
the EDTA influent value of about 5.1 (Figure 4). Calcium and Fe concentrations in the effluent
EDTA solution increased to maximum values of 1,300 and 4,400 mg/L, respectively.
Interestingly, the maximum effluent Ca concentration (1,300 mg/L) in the disodium EDTA
column test was significantly less than the maximum effluent Ca concentration (2,000 mg/L) in
the tetrasodium EDTA column test despite the greater effectiveness of the disodium form to
dissolve calcite in the batch tests (Figure 1).

Although the concentration of Fein the effluent increased substantially during EDTA injection,
the inventory of Fe decreased only dlightly (Figure 4). In contrast, all the Ca precipitated from
the influent water and an additional 14,00 mg (atotal of 1,700 mg) was removed by the EDTA
solution (Figure 4). The additional Cawas present in calcium carbonate mineralsin the gravel.
These results are encouraging for the use of disodium EDTA as a rejuvenation agent.

3.1.3 Column Tests3 and 4, Uranium Reactivity of a Column Treated With EDTA

These tests were designed to determine if the addition of disodium EDTA could improve the
reactivity of ZV1 for uranium removal. Two columns, one treated and one not, wererunin
paralle to evaluate the effectiveness of the treatment.

3.1.3.1 Methods

Column tests 3 and 4 were conducted in small (15-mm long, 22-mL volume) glass columns
packed with a ZV| sample (sample PE-11-5, from about 6 in. from the contact with the
gravel/ZV1 zone) collected by coring the Monticello PRB in August 2003. The ZV1 has been
resident in the ground and reacting with ground water since 1999. A peristaltic pump was used to
flow influent solution from the bottom to the top of the columns.

Column 3 was treated with 120 mL of 0.1 M disodium EDTA. The EDTA was flowed through
the column at 3 mL/min. After this treatment, U-spiked synthesized ground water was flowed
initially at 1.2 mL/min (residence time of about 13 min) through both columnsin parallel.
Because both columns removed U to less than detection, the flow rate was increased to

3.6 mL/min (residence time of about 4 min); about 90 percent of the test used a flow rate of

3.6 mL/min. The synthesized ground water had a major ion composition similar to ground water
obtained from well R1-M3, located immediately hydraulically upgradient of the Monticello
PRB. In contrast to column tests 1 and 3, this test used synthesized R1-M 3 water that was spiked
with about 1 mg/L U. Tablel3 presents the compositions of the R1-M3 ground water and the
synthesized column influent water (without the U).

A programmable fraction collector was used to collect samples for analysis. Calcium and Fe
concentrations were determined by atomic absorption on samples preserved with nitric acid.
Uranium concentrations were determined by kinetic phosphorescence analysis (DOE 2003;
ESL Procedure AP[U-2]).
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3.1.3.2 Resaults

Figure 5 presents the results of the uranium removal column tests. During EDTA treatment,

478 mg of calcite was removed from the ZVI sample in column 3. Most of the effluent U
concentration were less than 10 pg/L, considerably less than the influent concentration of

1,000 pug/L. Despite the relatively short residence time of 4 min in contact with the ZV1, both
columns removed more than 99 percent of the U for more than 300 pore volumes. The
differences observed between the treated and untreated columns were insignificant. The U
removal efficiency in the untreated column is too high to evaluate the effects of the EDTA
treatment properly and, thus, the results are inconclusive. It is interesting, however, that the U
removal ratesin this sample from the PRB are still very high, suggesting that the PRB longevity
may exceed the values estimated by Morrison (2003).
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4.0 Conclusions and Recommendations

This report presents data from a preliminary evaluation of ZV|I rgjuvenation using various
chemical solvents. Suitable rejuvenation agents were defined by the high ability to dissolve
calcite (aZV1 corrosion product that occludes porosity), low dissolution of ZV I, and low
toxicity; the ability to dissolve AFO, hematite, and magnetite was also considered favorable.
Most of the solvents and combinations were able to dissolve some calcite, but most also
dissolved some ZV1. Column test results indicate that both tetrasodium EDTA (pH about 11) and
disodium EDTA (pH about 7) were able to remove al the calcite deposited during ZV | corrosion
and some of the calciteinitially present in the column fill material. While some ZV1 was also
dissolved by EDTA, the change in the Fe inventory was insignificant. Dissolved EDTA has
minimal negative effects on human health. The results indicate that EDTA may be an effective
chemical agent for PRB rejuvenation. A field pilot study is recommended to determine if
rejuvenation with EDTA can improve PRB performance.
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Table 1. Standard Materials Used in Batch Tests

Name Vendor Description
Calcite Powder Aldrich Reagent grade. Calcite only.*
AFO Noah Industries AFO slurry dried at room temperature.
Hematite Fisher Scientific I-116-3 Reagent grade. Hematite only.?
Magnetite American Chemical Enterprises A-310 | Reagent grade. Magnetite only.?
ZVI Fisher 40 Mesh Reagent grade ZVI. Sieved to about 40 mesh.
Gravel/ZVI ZVI = Peerless -8 +20 Mixture used in Monticello gravel/ZVI zone.

*The mineralogy of these materials was identified by X-ray diffraction analysis.

Table 2. Batch Tests Using 50 mL of Sodium Acetate Buffer

Gravel/zVI? Calcite Shake Ca Fe Final
@) Powder Time Removed Removed oH
(mg) (hours) (mg) (mg)
0 50 14 17.6° 0.1 5.01
2 0 14 5.1 132.5 5.10
2 0 20 4.6 163.5 5.14
2 0 39 3.8 301.0 5.36
*Fresh gravel/ZVI material used in the Monticello PRB.
P20 mg of Ca is equivalent to 100 percent removal of the calcite.
Table 3. Batch Tests Using 50 mL of Tetrasodium EDTA
Tetrasodium Concentration | Shake Start | Einal Ca Fe
Test Solids EDTA HCI Time H H Removed | Removed
Concentration (uL) (hours) | P P (mg) (mg)
1 2 g gravel/ ZVI* 0.1M 0 9 10.85 | 11.02 7.3 4.2
2 2 g gravel/ ZVI? 0.1M 270 9 9.05 9.70 12.1 49.5
3 2 g gravel/ ZVI? 0.1 M 550 9 6.88 8.25 7.1 58.3
4 1 g Calcite 0.1M 0 7.5 10.85 | 11.11 191 0.0
5 1gzVvl 0.1M 0 7.5 10.85 | 11.13 0.1 4.0
6 1 g Hematite 0.1M 0 7.5 10.85 | 10.76 0.1 0.1
7 1 g Magnetite 0.1 M 0 7.5 10.85 | 10.85 0.8 0.2
8 1 g Calcite + 0.1M 0 28 10.85 | 11.11 172.5 0.3
1gzvl°
9 1 g Calcite + 0.05M 0 28 nm°® 11.06 98.5 0.2
1gzvl°
10 1 g Calcite + 0.025 M 0 28 nm 10.90 46 0.1
1gzvl°
*Fresh gravel/ZVI material, same as used at Monticello.
® _6 + 10 mesh Peerless ZVI.
° nm = not measured.
U.S. Department of Energy Rejuvenating Permeable Reactive Barriers by Chemical Flushing
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Table 4. Batch Tests Using Free Acid EDTA

Final Electrical Start | Final Ca Fe

Test Solids® Conductivity Removed | Removed
pH pH
(uS/cm) (mg) (mg)
1 AFO 227 2.94 4.49 1.4 1.0
2 Hematite 584 2.94 2.88 0.0 0.1
3 Magnetite 595 2.94 2.90 0.3 0.3
4 Fisher 40 Mesh 662 2.94 2.80 0.0 2.9
ZV|

5 Calcite 454 2.94 6.68 8.0° 0.0

b Descriptions are provided in Table 1.
¢ uS/cm = microsiemens per centimeter.
9200 mg of Ca is equivalent to 100 percent removal of the calcite.

Table 5. Batch Tests Using Disodium EDTA

Tests conducted with 40 mL of saturated free acid EDTA and 0.5 g of solids; 2-hour agitation at 25 °C.

Final Electrical Start | Final Ca Fe
Test Solids® Conductivity Removed | Removed
pH pH
(uS/cm) (mg) (mg)
1 AFO 11,120 5.04 5.32 3.5 2.4
2 Hematite 10,940 5.04 |5.12 0.1 0.1
3 Magnetite 10,960 5.04 5.13 0.4 0.3
4 Fisher 40 Mesh 11,040 5.04 5.30 0.1 16.4
ZV|
5 Calcite 11,160 5.04 6.20 159.2° 0.0

b Descriptions are provided in Table 1.
¢ uS/cm = microsiemens per centimeter.
9200 mg of Ca is equivalent to 100 percent removal of the calcite.

Table 6. Batch Tests Using DTPA

Tests conducted with 40 mL of 0.1 M disodium EDTA and 0.5 g of solids; 2-hour agitation at 25 °C.

Final Electrical Start | Final Ca Fe
Test Solids® Conductivity Removed | Removed
pH pH
(uS/cm) (mg) (mg)
1 AFO 2,170 2.27 2.39 2.5 3.8
2 Hematite 2,780 2.27 2.28 0.1 0.2
3 Magnetite 2,760 2.27 2.27 0.3 0.6
4 Fisher 40 Mesh 2,580 2.27 2.31 0.1 14.1
ZV|
5 Calcite 1,774 2.27 5.79 66.4° 0.0

b Descriptions are provided in Table 1.
¢ uS/cm = microsiemens per centimeter.
9200 mg of Ca is equivalent to 100 percent removal of the calcite.

Tests conducted with 40 mL of saturated DTPA and 0.5 g of solids; 2-hour agitation at 25 °C.
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Table 7. Batch Tests Using 0.2 M Ammonium Oxalate

Start Electrical Final Electrical Start | Einal Ca Fe
Test Solids® Conductivity Conductivity a @ | Removed | Removed
c pH pH

(uS/cm) (LS/cm) (mg) (mg)
1 AFO 20,300 20,100 3.00 3.18 0.0 15.8
2 Hematite 20,300 20,100 3.00 3.05 0.0 0.8
3 Magnetite 20,300 20,100 3.00 3.13 0.0 13.8
4 Fisher 40 Mesh 20,300 20,200 3.00 3.12 0.0 3.9

ZVI

5 Calcite 20,300 20,200 3.00 3.14 0.0 0.0

#Tests conducted with 40 mL of 0.2 M ammonium oxalate buffered to a pH 3 value with 0.2 M oxalic acid and 0.5 g of
solids; 2-h agitation at 25 °C.

b Descriptions are provided in Table 1.

¢ uS/cm = microsiemens per centimeter.

Table 8. Batch Tests Using Citrate Bicarbonate Dithionite-Type Solutions

Test Solids® Solvent® Start Final Ca Removed Fe Removed
pH pH (mg) (mg)
1 AFO D 4.53 5.85 0.8 17.4
2 Hematite D 4.53 4.83 0.0 10.4
3 Magnetite D 4.53 411 0.1 8.2
4 Fisher 40 Mesh ZVI D 453 3.75 0.0 5.6
5 Calcite D 453 4.22 6.8 0.0
6 AFO CB 8.16 8.49 2.5 0.1
7 Hematite CB 8.16 8.41 0.1 0.0
8 Magnetite CB 8.16 8.44 0.7 0.1
9 Fisher 40 Mesh ZVI CB 8.16 8.57 0.1 2.7
10 Calcite CB 8.16 8.68 10.0 0.0
11 AFO CBD 6.98 7.44 2.5 42.0
12 Hematite CBD 6.98 7.19 0.1 16.2
13 Magnetite CBD 6.98 7.08 0.5 9.4
14 Fisher 40 Mesh ZVI CBD 6.98 7.08 0.1 6.0
15 Calcite CBD 6.98 7.13 8.4 0.0
16 AFO CCD 9.70 8.58 1.5 15.1
17 Hematite CCD 9.70 8.56 0.1 2.8
18 Magnetite CCD 9.70 8.63 0.2 3.0
19 Fisher 40 Mesh ZVI CCD 9.70 8.83 0.0 4.0
20 Calcite CCD 9.70 8.44 1.0 0.0

*Tests conducted with 40 mL of solution, 0.5 g of solids, and 2-h agitation at 25 °C.

bDescriptions are provided in Table 1.

°D = 0.1 M sodium dithionite; CB = 0.27 M sodium citrate with 0.11 M sodium bicarbonate; CBD = same as CB but
with 0.1 M sodium dithionite; and CCD = 0.27 M sodium citrate with 0.11 M potassium carbonate and 0.1 M sodium
dithionite.
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Table 9. Batch Tests Using Low-Strength Sodium Dithionite and Tetrasodium EDTA

Test Solids® Solvent Start Final Ca Removed Fe Removed
pH pH (mg) (mg)
1 AFO E 10.93 10.61 2.1 0.4
2 Hematite E 10.93 10.79 0.1 0.0
3 Magnetite E 10.93 10.82 0.3 0.0
4 Fisher 40 Mesh ZVI E 10.93 10.88 0.1 1.0
5 Calcite E 10.93 10.92 11.5 0.0
6 AFO ED 9.17 9.30 1.7 0.5
7 Hematite ED 9.17 9.25 0.1 0.0
8 Magnetite ED 9.17 9.28 0.2 0.1
9 Fisher 40 Mesh ZVI ED 9.17 9.37 0.0 4.3
10 Calcite ED 9.17 9.36 9.0 0.0

#Tests conducted with 40 mL of solution, 0.5 g of solids, and 2-h agitation at 25 °C.
b Descriptions are provided in Table 1.
°E = 0.05 M tetrasodium EDTA; ED = 0.038 M tetrasodium EDTA with 0.025 M sodium dithionite.

Table 10. Batch Tests Using High-Strength Sodium Dithionite and Tetrasodium EDTA

Test Solids® Solvent® Start Final Ca Removed Fe Removed
pH pH (mg) (mg)

1 AFO E 10.95 10.66 24 04
2 Hematite E 10.95 10.80 0.1 0.0
3 Magnetite E 10.95 10.85 0.4 0.1
4 Fisher 40 Mesh ZVI E 10.95 10.97 0.1 1.1
5 Calcite E 10.95 10.88 10.1 0.0
6 AFO ED 9.69 9.21 1.5 6.7
7 Hematite ED 9.69 9.19 0.1 4.8
8 Magnetite ED 9.69 9.16 0.3 4.7
9 Fisher 40 Mesh ZVI ED 9.69 9.16 0.1 4.2
10 Calcite ED 9.69 9.20 7.3 0.0

4 Tests conducted with 40 mL of solution, 0.5 g of solids, and 2-h agitation at 25 °C.

b Descriptions are provided in Table 1.

°E = 0.1 M tetrasodium EDTA; ED = 0.16 M tetrasodium EDTA with 0.057 M sodium dithionite.

Table 11. Batch Tests Using Hydroxylamine Hydrochloride
Test Solids® Start Final Ca Removed Fe Removed
pH pH (mg) (mg)

1 AFO 1.48 1.52 1.9 7.4

2 Hematite 1.48 1.32 0.0 0.1

3 Magnetite 1.48 1.33 0.1 0.5

4 Fisher 40 Mesh ZVI 1.48 2.20 0.0 86.4

5 Calcite 1.48 2.67 224.8 0.1

*Tests conducted with 40 mL of solution, 0.5 g of solids, and 2-h agitation at 25 °C.
bDescriptions are provided in Table 1.

Rejuvenating Permeable Reactive Barriers by Chemical Flushing
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Table 12. Batch Tests Using Lime Away and Lime Out

. Ca Fe
Test Solids® Solvent Start | Final Removed | Removed
pH | pH
(mg) (mg)
1 AFO Lime Away 1.34 | 1.47 2.9 16.4
2 Hematite Lime Away 1.34 | 1.40 0.1 0.7
3 Magnetite Lime Away 1.34 |1.39 04 1.4
4 Fisher 40 Mesh Lime Away 1.34 | 1.37 0.1 24.0
ZVI
5 Calcite Lime Away 1.34 | 1.37 131.2 0.3
6 AFO Lime Out 1.12 | 1.25 1.2 15
7 Hematite Lime Out 1.12 1.22 0.9 0.4
8 Magnetite Lime Out 1.12 1.23 1.0 0.4
9 Fisher 40 Mesh Lime Out 1.12 1.24 1.9 15.2
ZVI
10 Calcite Lime Out 112 | 1.27 146.8 0.2

at 25 °C.
b Descriptions are provided in Table 1.

Tests conducted with 40 mL of full-strength Lime Away or Lime Out and 0.5 g of solids; 2-h agitation

Table 13. Composition of Well R1-M3 Ground Water (sampled January 14, 2003) and Synthesized

Ground Water Used in Column Tests

Constituent Units Actual . Synthesm_ed
Concentration Concentration

Na mg/L 111.00 150.60

K mg/L 11.3% 11.22°
Ca mg/L 213.00° 222.88%
Mg mg/L 52.80 53.28
S04 mg/L 677.00 655.21

Cl mg/L 76.60 76.09
TICP mg/L 76.00° 78.57

pH s.u. 6.65 6.65°
Alkalinity mg/L as CaCOs 317.00 279°

#Corrected from DOE 2004

® Total inorganic carbon.
¢ Estimated from alkalinity.
dVvaries with CO; flow.

U.S. Department of Energy

August 2004
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Procedure for Column Tests 3 and 4 for EPA Region VII1
PRB Rejuvenation Project
Revision 1

Column tests to be conducted week of June 14, 2004

Sarah, Following is a brief outline of the tests. Please contact me if you have any
questions or if you need help (Brandon should be available this week). The purpose of
these tests is to determine if EDTA treatment improves U-uptake rates. From the
previous column {Column 2) we determined that disodium EDTA was capable of
removing calcite from ZVI.

Use OMNI 22 mL columns. Collect in fraction collector.

Use sample(s) PE 11-5, 11-6 and/or 11-7 (if you use more than one sample, be sure to blend
them) for the tests. This is ZVl sampled from the August 2003 coring of the Monticello PRB. It
was selected because it has some of the highest Ca concentrations (i.e. it should contain the
most calcite). [t has no rad component and because it is from the ZvI zone, it will not require
magnetic separation. ’

M
Fill 2 columns (Columns 3 with the ZVl. Determine mass of ZVl in each. Make a solution
(at least 120 mL) of 0.1 odium EDTA {pH should be about §). Flow this solution through
column 3 at 3 mL/min. It will take about 40 min to complete. Collect samples every 10 mL (total
of 12 samples). Preserve in acid (about 1-2% HNO3) and analyze these for Ca. Analyze source
fank for pH, ORP, conductivity, alkalinity, U and Ca.

Make up a solution (about 1 liter should be sufficient) of synthetic R1M3 (no U). Run 50 mL of
this solution through each column at 1.2 mL/min (residence time about 10 min). This should take
about 42 min. Collect samples every 10 mL, preserve, and analyze for Caand U. Analyze
source tank for pH, ORP, condictivity, alkalinity, U and Ca.

Spike R1M3 with 1 mg/L U. Run 400 mL {about 33 pore volumes) of this soluticn through each
column at 2.4 mL/min {residence time about 5 min). This should take about 3 hr. Collect
samples every 20 mL (total of 20 samples), preserve, and analyze for U. Analyze source tank for
pH, ORP, conductivity, alkalinity, U and Ca.

Continue to run 400 mL (about 33 pore volumes) of the U-spiked solution through each column at
1.2 mLimin (residence time about 10 min) or ancther specified rate dependent on the results .
This shouid take about & hr. Collect samples every 20 mL (total of 20 samples), preserve, and
analyze for U. Analyze source tank for pH, ORP, conductivity, alkalinity, Uf and Ca.
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Procedure for Column Tests 3 and 4 for EPA Region VIII
PRB Rejuvenation Project
Revision 1

Column tests to be conducted week of June 14, 2004

Sarah, Following is a brief outline of the tests. Please contact me if you have any
questions or if you need help (Brandon should be available this week). The purpose of
these tests is to determine if EDTA treatment improves U-uptake rates. From the
previous column (Column 2) we determined that disodium EDTA was capable of
removing calcite from ZVI.

Use OMNI 22 mL columns. Collect in fraction collector.

Use sample(s) PE 11-5, 11-6 and/or 11-7 (if you use more than one sample, be sure to blend
them) for the tests. This is ZVl sampled from the August 2003 coring of the Monticello PRB. It
was selected because it has some of the highest Ca concentrafions (i.e. it should contain the
most cakcite). It has no rad component and because it is from the ZVI zone, it will not require
magnetic separation.

s ; ;
Fill 2 columns (Columns 3 with the ZVI. Defermine mass of ZVI in each. Make =z salution
(at least 120 mL}) of 0.1 isodium EDTA {pH should be about 5). Flow this solution through
column 3 at 3 mUmin. 1t wili take about 40 min to complete. Collect samples every 10 mL (total
of 12 samples). Preserve in acid (about 1-2% HNO3) and analyze these for Ca. Analyze source
tank for pH, ORP, conductivity, alkalinity, U and Ca.

Make up a solution (about 1 liter should be sufficient) of synthetic R1M3 (no U). Run 5¢ mL of
this solution through each column at 1.2 mL/min {residence time about 10 min). This should take
about 42 min. Collect samples every 10 mL, preserve, and analyze for Ca and U. Analyze
source tank for pH, ORP, conductivity, alkalinity, U and Ca,

Spike R1M3 with 1 mg/L U. Run 400 mL {about 33 pore volumes) of this solution through each
column at 2.4 mLfmin {residence time about 5 min). This should take about 3 hr. Collect
samples every 20 mL (lotal of 20 samples}, preserve, and analyze for U. Analyze source tank for
pH, ORP, conductivity, alkalinity, U and Ca. :

Continue to run 400 mL (about 33 pore volumes) of the U-spiked sotution through each column at
1.2 mL/min (residence time about 10 min) or another specified rate dependent on the results .
This should take about 6 hr. Collect samples every 20 mL (total of 20 samples), preserve, and
analyze for U. Analyze source tank for pH, ORP, conductivity, alkalinity, U and Ca.
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